We present a pilot study of 16 µm imaging within the GOODS northern field. Observations were obtained using the PeakUp imaging capability of the Spitzer IRS. We survey 35 square arcminutes to an average 3σ depth of 0.075 mJy and detect 149 sources. The survey partially overlaps the area imaged at 15 µm by ISO, and we demonstrate that our photometry and galaxy-number counts are consistent with their measurements. We infer the total infrared luminosity of 16 µm detections using a comparison to local templates and find a wide range of L IR from ∼ 10 9 to 10 12 L ⊙ . Approximately one fifth of the detected sources have counterparts in the Chandra 2 Msec catalog, and we show that the hard band (2-8 keV) detected sources are likely to have strong AGN contributions to the X-ray flux. The ultradeep sensitivity of Chandra implies some X-ray detections may be purely starbursting objects. We examine the 16 to 24 µm flux ratio and conclude that it shows evidence for the detection of redshifted PAH emission at z ∼ 0.5 and z > 0.8.
Introduction
The Spitzer Space Telescope offers unique sensitivity in the mid-infrared (MIR) for the study of star formation in distant galaxies. Photometric measurement of the spectral energy distribution (SED) of such sources is a powerful tool, but the wavelength gap between 8 µm in IRAC channel four (Fazio et al. 2004 ) and 24 µm in MIPS (Rieke et al. 2004 ) limits the study of galaxies at z ∼ 1, where prominent features fall in between the wavelength coverage of the two instruments. The wavelength gap can be filled with observations using the Spitzer IRS blue PeakUp filter, which samples wavelengths from 13 to 18.5 µm (Houck et al. 2004 ).
Starting in the second year of operations, a science quality PeakUp Imaging (PUI) mode has been made available. PUI observations allow us to observe the evolution of midinfrared (MIR) spectral features such as 6.2 and 7.7 µm PAH emission and the 9.7 µm silicate absorption trough. We can follow the 7.7 µm PAH feature from the local universe where it lies in the IRAC channel 4 passband, to 0.8 < z < 1.3 where it falls in the 16 µm PUI filter, to redshifts near z ∼ 2 where it enters the 24 µm MIPS filter. Similarly, the silicate absorption can dominate the 16 and 24 µm filters at z ∼ 0.6 and ∼ 1.5, respectively. The ratio of flux measured in these filters can thus detect the presence of MIR features (Takagi & Pearson 2005; Elbaz et al. 2005 ).
Furthermore, PeakUp Imaging mode observations can detect galaxies significantly below the brightness limit of IRS spectroscopy (∼ 0.5 − 1 mJy). Houck et al. (2004) estimate a 3σ sensitivity of ∼ 0.1 mJy in two minutes for PUI in a low background region. Luminous infrared galaxies (LIRGs and ULIRGs; with luminosities greater than 10 11 and 10 12 L ⊙ respectively) at moderate and high redshift are expected to be easily detected at this flux level.
We present a pilot study of the use of the 16 µm PUI mode. We choose as our target the Great Observatories Origins Deep Survey (GOODS; Dickinson et al. 2004; Giavalisco et al. 2004 ) northern field. GOODS provides an unprecedented opportunity to study distant galaxies across the available wavelength spectrum. The northern field in particular has been the subject of the deepest X-ray observation ever taken, the 2 Msec Chandra deep field (Alexander et al. 2003) , and has been observed extensively by the Hubble Space Telescope including the original Hubble Deep Field North (HDF-N; Williams et al. 1996) . GOODS also includes the deepest Spitzer observations at 3-8 µm with IRAC and 24 µm MIPS.
The current survey consists of a small region (35 square arcminutes) within the GOODS northern field using 16 µm PUI imaging. This survey partially overlaps the existing Infrared Space Observatory (ISO) ultradeep survey at 15 µm (Aussel et al. 1999 ). We will show that photometry in the new survey is consistent with that obtained by ISO. We present the observing strategy and data reduction in Section 2. We provide some discussion of the PUI mode in the first year of Spitzer operations. In Section 3, we present the results and the catalog. We discuss the implications of the survey in Section 4, and provide a summary in Section 5. Throughout, we assume a Λ-dominated flat universe, with H 0 = 70 km s
Observations and Data Reduction
Data were obtained as part of IRS calibration activities during Science Verification (SV) and in parallel with a Guaranteed Time Observation (GTO) program to obtain photometry of submillimeter-selected sources in the field (Charmandaris et al. 2004 ). The SV observations were motivated to provide a direct comparison of Spitzer IRS 16 µm imaging of individual targets previously observed by ISOCAM (Aussel et al. 1999) . The GTO program targeted seven objects mostly outside the ISOCAM area, but within the GOODS field. In each case the full PUI field of view was imaged for each object at both 16 and 22 µm. During the 22 µm imaging, 16 µm data was obtained in parallel. In total, we obtained 72 exposures, of 60 seconds each, for a survey integration time of 1.2 hours.
While the astronomical observing template (AOT) for "sample up the ramp" (SUR) PeakUp imaging was not commissioned until the second Spitzer proposal cycle (GO2), a work-around was developed using the standard spectroscopic staring-mode AOT. By selecting the short-low (SL) slit and properly offsetting the telescope, PeakUp images were obtained of selected areas around the HDF-N. This technique was used for both the SV and GTO observations, and it resulted in the sparse 16 µm map shown in Figure 1 . IRS 16µm images were reduced with the standard pipeline at the Spitzer Science Center (SSC; see chapter 7 of the Spitzer Observer's Manual 1 ). Although pipeline calibrated data have had nominal low-background sky images subtracted, some residual sky signal may remain. We create median sky images from near-in-time subsets of the data, after object masking. We register the sky subtracted images using the MOPEX software provided by SSC 2 . Given the sparseness of objects in the fields, we rely on the reconstructed pointing to provide the registration. The pointing (without the refinement afforded by known stars in the IRAC and MIPS) is typically good to ∼ 1 ′′ . The Point Spread Function (PSF) at 16µm has a full width at half maximum (FWHM) of ∼ 3.6 arcseconds, compared to the IRAC 8 µm PSF of 1.98
′′ and the MIPS 24 µm width of 5.4 ′′ .
We identify sources and measure photometry with the SSC's APEX 8 software, which includes point source fitting to measure the total flux of the source, as well as source deblending. We cross correlate our list of detected sources with the much deeper IRAC Channel 3 (5.8 µm) image of the field from GOODS (Dickinson et al. 2005; in prep) , allowing a maximum of 2 ′′ separation. Using the IRAC data ensures that few, if any, spurious objects are included, allowing us to set our detection threshold at a faint level. The faintest IRAC counterpart has a flux of 10 µJy. At that flux level, the integrated source counts are ∼ 18 per square arcminute (Lacy et al. 2005) , so the chance of random contamination within our search radius should be less than 6%.
The GOODS 24 µm data in the HDF-N reach an unprecedented point source sensitivity limit of <20 µJy (Chary et al. 2005; in prep) . More than 3000 sources are detected in 24µm over the entire field. The IRS 16µm sources were matched to the 24µm catalog using a 3 ′′ positional matching threshold. However, more than 90% of the sources (143/149) are matched to within 1 ′′ and the few outliers were inspected by eye. These were found to be attributable to source blending or low signal/noise in the 16µm image.
The 16 µm photometric zeropoint was derived from repeated observations of standard stars. The photometry is referenced to a 10K black body spectrum which represents the stellar calibrator. This referencing is the same as the MIPS calibration, but is different than IRAC and ISOCAM, both of which tie their photometric systems to spectra with νf ν = const. The color correction between the systems, however, is small (< 3%). There is a systematic uncertainty due to flux calibration on the order of 6%. The photometric zero point has been verified with comparion of the PUI data to IRS spectra, which are independently calibrated using different standard stars and a different set of templates. In addition, cross calibration between 22 µm PUI data and MIPS 24 µm photometry of faint galaxies shows < 10% residuals for most high significance sources; this difference is within the range attributable to the difference in wavelength coverage.
We estimate a point source sensitivity of 75 µJy, 3σ, in 120 seconds. This is somewhat better than numbers previously reported (Houck et al. 2004 ), and we attribute the difference to improvements in the SSC pipeline, the very low background of the HDF region and the large number of frames available to optimize the sky subtraction.
Results
We detect 149 objects, with fluxes ranging from 21 µJy to 1.24 mJy. From the literature, 90 of these sources have redshifts (Cohen et al. 2000; Cowie et al. 2004; Wirth et al. 2004) , ranging from 0.11 to 2.59. The median redshift is 0.7; only two sources lie at z > 1.5. All sources have optical counterparts in the GOODS catalog. Table 1 presents the photometry of the detected sources.
There are 100 Chandra sources from the 2 Msec catalog (Alexander et al. 2003) within the surveyed area. Of these, 33 have 16µm counterparts, comprising 22% of the 16µm sample. Fadda et al. (2002) find a higher fraction (16 of 42) of Chandra counterparts to ISOCAM sources, but our survey extends to fainter MIR fluxes. The Spitzer survey area also covers 43 radio sources from the 1.4 GHz survey of Richards (2000), 24 of which have 16 µm counterparts. Of the these, 17 have Chandra detections with 1 ′′ of the radio position, and another 5 have Chandra within 2 ′′ . We defer more discussion of radio sources to future papers, but see Marcillac et al. (2005) for a comparison of these sources with the ISOCAM survey.
We detect 24 objects in common with ISOCAM, including all of the high significance sources from Aussel et al. (1999) that fall in the Spitzer survey area. Eight sources from the less significant ISO sample are not detected by Spitzer. Three ISOCAM sources are resolved into multiple sources by the higher spatial resolution of the PUI mode. In addition, 11 Spitzer sources are not in the Aussel et al. catalog, but fall within the central area of the ISOCAM map. However, 6 of these have fluxes below 0.1 mJy. Several additional sources are undetected at the edges of the ISOCAM area, where the coverage is less deep.
The redshift distribution of the Spitzer and ISOCAM sources are similar. Matching the Aussel et al. ISOCAM source list to the redshift catalog of Cowie et al. (2004) yields 49 objects with spectroscopic redshifts, with a median of z = 0.79, compared to the Spitzer median of 0.7. The shape of the redshift distributions is nearly identical, with a steep roll off beyond z ∼ 0.8 and strong detections in the known redshift overdensities at z ∼ 0.45 and z ∼ 0.8 (Cohen et al. 2000) .
We compare our 16 µm photometry directly with ISOCAM 15 µm observations of the same field. Figure 2 shows the object by object flux comparison. We have applied two color correction terms to the Spitzer fluxes. First, there is the small correction for the difference in the photometric system (see above). Secondly, there is a relatively large correction necessary due to the difference in the effective wavelength of the filters. Figure 3 shows the filter transmission for the Spitzer and ISOCAM filters. If we define the effective wavelength following Reach et al. (2005) , we find λ ef f = 15.5 for the PUI filter. The ISOCAM LW3 photometry uses λ ef f = 14.3 3 A red source (e.g. f ν ∼ λ 2 ) will have ∼ 15% more flux at the redder wavelength, so we adopt that as our color correction in the figure. In general, sources agree within the uncertainties, though the Spitzer fluxes may be systematically high by ∼ 10 − 20%. This disagreement may be attributable to the difference in the filter bandpasses between IRS and ISOCAM, as prominent features move into and out of the filters at different redshifts. For example, at redshift z ∼ 0.4, the 9.7 µm silicate absorption trough will affect the bluer LW3 filter more than the PUI filter. Figure 4 shows the ratio of flux density in the two filters as a function of redshift for a variety of template sources. As can be seen in the figure, a factor of two is not unrealistic, so the difference in individual objects is reasonable. The four brightest objects in Figure 2 are at redshifts 0.41, 0.45, 1.2, and 2.0.
We also compare the differential galaxy-number counts of our survey to those measured by ISO ( Figure 5 ). We use the exposure map to define the area coverage and depth. For this initial comparison, we do not apply an incompleteness correction. The use of the ultradeep IRAC data ensures that there is little contamination from spurious objects. We see general agreement of the counts within the large error bars. It is important to highlight this agreement, because of the use of ISOCAM number counts as a benchmark for comparison to Spitzer surveys. Substantial differences are seen between the first MIPS 24µm data (Marleau et al. 2004; Papovich et al. 2004 ) and the ISOCAM data. Spitzer 24 µm counts appear to peak at fainter fluxes than those measured by ISO at 15 µm. Gruppioni et al. (2005) attribute this difference to a population of starburst galaxies seen by Spitzer at higher redshifts than those which contribute to the ISO counts. We conclude that the differences reported between 24 µm and 15 µm number counts are real and not the result of systematic observatory-based bias. However, we emphasize that our Spitzer counts are derived from the same field as the faint end of the ISO counts, so we do not remove any effects of cosmic variance.
Discussion
The mid-infrared detection of sources with known redshifts enables an estimate to be made of their bolometric luminosity. This is possible because of the empirical correlations seen between the mid-and far-infrared luminosities of IRAS detected galaxies in the local Universe (Chary & Elbaz 2001) . To estimate the bolometric correction of galaxies in our sample, we used a sample of 5 local objects with mid-infrared and far-infrared SEDs accurately determined from Spitzer IRS and IRAS. These are: M51 (Kennicutt et al. 2003 (Armus et al. 2004) ; and NGC7714 (Brandl et al. 2004) . We integrated the mid-infrared spectrum and the IRAS broadband photometry (Soifer et al. 1989 ) with a dual temperature dust model to obtain a complete SED from 5-1000µm.
At the redshift of each 16µm source, we convolved the redshifted template SEDs through the IRS 16µm and MIPS 24µm bandpasses. We selected the template whose 16/24 flux ratio was closest to that observed. The selected template was then scaled to match the observed 16 and 24 micron fluxes using weights which are the inverse of the fractional flux uncertainty. The statistical uncertainties associated with this process are directly proportional to the flux uncertainty which is small due to the high S/N of the GOODS 24µm data. The systematic uncertainties are substantial since they rely on the assumption that high-redshift infrared SEDs are similar to that of local galaxies and the fact that the galaxy SEDs chosen here do not span the whole range of dust templates (see e.g. Chary & Elbaz 2001 , Marcillac et al. 2005 .
At z > 1.3, the rest-frame 9.7 µm silicate absorption feature enters the MIPS 24 µm wavelength range, and it is likely that varying absorption strength would cause increased scatter in the inferred infrared luminosity (L IR ). The current sample includes too few objects at that redshift to confirm that expectation. Figure 6 shows the inferred L IR for the sources in the 16 µm catalog with spectroscopic redshifts. More than half of the 16 µm sources (53 of 89) have inferred L IR greater than > 10 11 L ⊙ , implying that they are in the LIRG class, and six of them have ULIRG luminosities. The detection of substantial numbers of sub-LIRG luminosity objects at z ≤ 1, and sub-ULIRG objects at z < 1.5, in a few minutes of on-source integration demonstrates the power of the 16 µm observing mode. We note that the inference of L IR relies on spectroscopic redshifts, which by necessity are biased to the brighter optical sources. Some extremely red, high luminosity sources could be missed. In the particular case of Chandra sources, 75% (25/33) have spectroscopic redshifts, so the bias introduced is likely to be small.
Most of the Chandra-detected sources are among the luminous objects, including three of the six ULIRGs. Two of the ULIRGs are detected in the hard band (2-8 keV), implying at least a contribution from an active nucleus. This result is consistent with existing trends in the literature for ULIRG class objects (Tran et al. 2001 ). However, we find substantial evidence for AGN activity (and potentially AGN dominated luminosity) below 10 12 L ⊙ .
Because the X-ray data in the 2 Ms field is very deep, not all Chandra sources at these depths are necessarily AGN dominated sources. Fadda et al. (2002) conclude that only 5 of their 16 MIR-detected X-ray sources are unambiguously AGN dominated. In the current sample, we identify 21 hard band (2-8 keV) detections. These galaxies very likely host an AGN, but without a more complete sampling of their SED we cannot definitively determine the AGN contribution to the bolometric luminosity. We examine the ratio of X-ray to infrared luminosities in Figure 7 . Alexander et al. (2005) find that most AGN-dominated luminous IR galaxies have
004, but that some AGN sources have ratios as much as ten times lower. They correct the L X for extinction, while we do not; increasing the X-ray flux will only lead to more AGN dominated sources, so our measurement is a lower limit. Alexander et al. also find that sub-millimeter selected sources classified as AGN have photon indices Γ ≃ 1.8, consistent with local Seyferts. Lower Γ values would imply stronger AGN contribution to the X-ray flux. The 16 µm sources with hard-band Chandra counterparts generally meet one or both of these criteria. The objects most likely to be starbursts (low Xray to IR ratio and high values of Γ) are mostly soft-band only sources. The same conclusion is reached using the ratio of infrared to X-ray fluxes, IR/X (Weedman et al. 2004).
The 16 µm detected X-ray sources have approximately the same distribution of X-ray flux as the non-detections. A marginal difference is seen in their photon indices, with the MIR sample having a median Γ value of 1.1 compared to 1.4 for the non-detections. This difference could indicate a higher fraction of AGN in the MIR sample. The same fraction (∼ 50%) of each sample has no Γ value due either to the faintness of the full-band X-ray flux or to a non-detection in one of the X-ray bands.
Evidence for PAH emission
The ratio of 16 to 24 µm flux density is expected to be a strong function of redshift for objects with substantial features in their MIR spectra. These spectra are a combination of: a (usually red) continuum slope; emission from PAH molecules at 6.2, 7.7, 8.6, 11.3, and 12.7 µm; and a potentially deep silicate absorption trough at 9.7 µm. Takagi & Pearson (2005) demonstrate the utility of the 16/22 µm ratio as a crude redshift indicator (the 22 and 24 µm filters are similar). The relatively broad width of the Spitzer bandpasses complicates the interpretation of the flux ratio, because some redshifts will place both absorption and emission features within the filter.
In Figure 8 , we plot the ratio of 16 to 24 µm flux density, f ν , for the current sample and the expected ratio for local templates, for comparison. We find most sources have flux density ratios of ∼ 0.75, but that higher ratios are observed at some redshifts. These redshifts are the ones where we expect the redshifting of PAH features to increase the 16 µm flux density relative to the MIPS 24 µm flux density. In particular, at redshifts near z ∼ 0.5, the 11.3 µm PAH feature is in the middle of IRS 16 µm band. This feature can have low equivalent width in objects with a strong VSG continuum, such as some ULIRGs, but may dominate in relatively unextinguished starbursts like M51. At redshift z ∼ 0.8, the 7.7 µm PAH complex starts to shift into the IRS 16 µm bandpass, as seen in the rising ratio for M82. At z ∼ 1.3, two effects contribute to the 16/24 ratio: the silicate absorption feature shifts into the MIPS 24 µm band, and the 6.2 and 7.7 µm PAH features are centered in the blue PU bandpass.
It appears that most of the objects in the 16 µm sample are significantly bluer (that is have higher 16/24 ratios) than the ULIRG template. Despite having high luminosity PAH emission, the ULIRG spectra also have a strong continuum so the PAH's have low equivalent width (EW) and do not dominate the SED. M51, on the other hand, is dominated by PAH and [NeII] emission. A few sources have even higher 16/24 ratios than M51, which could be explained by a bluer continuum or PAH features with several times higher EWs. Similar results were observed by Elbaz et al. (2005) and Marcillac et al. (2005) in comparing ISOCAM 15 µm fluxes to MIPS 24 µm photometry. They find that the ratio of flux, νf ν , for the two filters is consistent with the expected SED for star-forming objects with significant PAH emission. Marcillac et al. examine the ISO HDF-N data, with some sources overlapping the present sample. Their independent measurement also suggests evidence for PAH emission at z ∼ 1.
We also note that the presence of PAH features helps to distinguish AGN from starburst dominated sources, in sources with weak silicate absorption. Charmandaris et al. (2004) suggest that, in fact, the 16 to 24 µm flux density ratio can differentiate between the two SED types in the case of SCUBA-selected sources. We find that the present survey shows a low 16/24 ratio for sources with Chandra hard band counterparts. These sources have the ratio expected from the Mrk 231 template. Nonetheless, highly extincted, X-ray weak AGN may still contaminate the starburst portion of the sample. To fully explore this issue, substantial MIR spectroscopic data may be required.
Summary and Conclusions
We have presented a pilot study of 16 µm imaging of faint extragalactic objects with the Spitzer IRS. Our photometric results show good agreement with the 15 µm ISO survey of the same area. We find evidence of PAH emission at z ∼ 0.5 and z > 0.8 in the ratio of 16 to 24 µm fluxes. The scatter in the flux ratio is large at these redshifts, potentially indicating a broad range of sources with differing emission properties. In principle, we may be able to use photometric surveys such as this one to constrain the strength of the PAH emission relative to the continuum. If so, it may be possible to calibrate the 16 µm flux as a measurement of star formation at z ∼ 1. However, such inferences will depend on a good understanding of how the strength of the PAH features varies, as well as a good baseline for the underlying continuum.
These results suggest that larger surveys with the 16 µm filter will detect PAH emission at z ∼ 1 in statistically significant samples. The flux limits achievable in a few minutes of observation with the PUI mode will detect sources much fainter than the spectroscopic limit. These observations will enable direct comparison of photometrically measured PAH emission at z ∼ 1 to those detected at z ∼ 2 with MIPS. 
